Measurements of integral membrane protein lateral mobility and rotational mobility have been separately used to investigate dynamic protein-protein and protein-lipid interactions that underlie plasma membrane structure and function. In model bilayer membranes, the mobilities of reconstituted proteins depend on the size of the diffusing molecule and the viscosity of the lipid bilayer. There are no direct tests, however, of the relationship between mechanisms that control protein lateral mobility and rotational mobility in intact biological membranes. We have measured the lateral and rotational mobility of band 3 in spectrin-deficient red blood cells from patients with hereditary spherocytosis and hereditary pyropoikilocytosis. Our data suggest that band 3 lateral mobility is regulated by the spectrin content of the red cell membrane. In contrast, band 3 rotational mobility is unaffected by changes in spectrin content. Band 3 lateral mobility and rotational mobility must therefore be controlled by different molecular mechanisms. (J. Clin. Invest. 1994. 94:683-688.) Key words: erythrocyte membrane * hereditary spherocytosis -hereditary pyropoikilocytosis fluorescence photobleaching recovery polarized fluorescence depletion
Introduction
The fluid-mosaic model of membrane structure postulates that randomly distributed transmembrane proteins are free to diffuse within the membrane at rates determined by the viscosity of a homogeneous lipid milieu (1) . This model has proved correct for model bilayer membranes, in which the mobilities of reconstituted proteins depend only on the size of the diffusing molecule and the viscosity of the lipid bilayer (2) (3) (4) (5) . In biological membranes, however, there appear to be additional constraints on the mobility and distribution of integral membrane proteins, including interactions with heterogeneously distributed mem-cal biological membrane composed of a lipid bilayer, in which integral membrane proteins are embedded, and a multicomponent protein skeleton that laminates the inner bilayer surface (8) . Band 3, the RBC anion exchanger (9) , is the major protein component of the RBC membrane (10) and the major site of attachment between the membrane skeleton and the bilayer (1 1). Spectrin, the major skeletal protein, is attached to the overlying bilayer through interactions involving ankyrin, which links spectrin to a portion (10-15%) of band 3, and protein 4.1, which links spectrin to glycophorin C (12, 13) and possibly to glycophorin A (14, 15) and band 3 (16) .
40-70% of band 3 molecules are free to diffuse laterally in the normal intact RBC membrane. The mobile fraction of band 3 diffuses laterally at a rate of 1-2 X 10-11 cm2 s-' (17- 19) . In contrast, RBC phospholipid analogues have fractional mobilities of 90-100% and translational diffusion coefficients of 1-5 x 10-9 cm2 S-' (17, 20) . Abundant evidence implicates the RBC membrane skeleton in controlling band 3 lateral mobility. Disruption of spectrin-ankyrin and ankyrin-band 3 linkages causes band 3 mobility to increase (21) (22) (23) (24) , as does treatment with proteases to remove the cytoplasmic domain of band 3 (25, 26) or treatment with ATP or 2,3-DPG (27) at levels that are sufficient to destabilize isolated RBC membrane skeletons (28) Band 3 rotational mobility has been studied in normal RBC ghosts (26, (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) , abnormal RBC ghosts (45, 46) , and intact RBCs (19, 31, 37) .2 Rapidly rotating, slowly rotating, and rotationally immobile forms of band 3 appear to coexist in the membrane. At 37°C in normal RBC membranes, 20-25% of band 3 molecules rotate with correlation times (r) < 250 Ms, 50 -75% rotate with r 1-3 ms, and 5-25% are rotationally immobile on the time scale of the experiment (19, 37, 40 About half of the rapidly rotating band 3 molecules may rotate with correlation times of 25-30 ,ts; this population could represent band 3 dimers rotating free of constraints other than the viscosity of the lipid bilayer (37) . A number of experiments on RBC ghost membranes suggest that band 3 rotational mobility, like band 3 lateral mobility, is controlled by the RBC membrane skeleton (26, 36, 37, 43) . In addition, SAO RBCs exhibit a very large fraction of rotationally immobile band 3 (30, 31, 46) . 2 Studies correlating defined molecular abnormalities in membrane skeletal proteins with band 3 mobility in intact RBCs from patients with hereditary hemolytic anemias provide unique opportunities to elucidate relationships among membrane skeletal interactions controlling band 3 lateral mobility and rotational mobility. In this study, we measure the lateral and rotational mobility of fluorescently labeled band 3 in matched samples of spectrin deficient RBCs from patients with hereditary spherocytosis (HS) and hereditary pyropoikilocytosis (HPP). We find that band 3 lateral diffusion rates are inversely proportional to the spectrin content of the RBC membrane. In contrast, band 3 rotational mobility is not affected by changes in spectrin content. Band 3 lateral mobility and rotational mobility must therefore be regulated by different molecular mechanisms. 15 mM NaPO4, 10 mM glucose, pH 7.4). High potassium buffers were used to prevent possible cellular dehydration associated with deoxygenation and fluorescent labeling.
Methods
Biochemical analysis of RBC membranes. The spectrin/band 3 ratio in HS, HS carrier, HPP, HPP carrier, and control RBC membranes was measured by densitometric scans of Coomassie blue-stained SDSpolyacrylamide gels, as described (47, 48) . The range of spectrin/band 3 ratios for control RBC membranes was 0.95-1.05 (raw data), and experimental values were normalized to a control ratio of 1.00. The spectrin content of HS, HS carrier, and control RBC membranes was also measured by spectrin radioimmunoassay, as described (49, 50) .
Specific labeling of RBC band 3. 100 ml of freshly washed packed RBCs were incubated with 40 ml of eosin maleimide, 0.25 mg/ml in KPBS, at room temperature for 12 min. Cells were then washed 3 times in KPBS with 1% BSA. Under these labeling conditions > 80% of the membrane-associated fluorescence was covalently bound to band 3 (51).
Lateral mobility measurements. Fluorescence photobleaching recovery (FPR) (52) was used to measure the lateral mobility of eosin labeled band 3 in membranes of intact RBCs. A Gaussian laser beam was focused to a spot on a labeled RBC in a fluorescence microscope. After a brief, intense photobleaching pulse, recovery of fluorescence was monitored by periodic low intensity pulses. Fluorescence recovery resulted from the lateral diffusion of unbleached fluorophores into the bleached area. Nonlinear least-squares analysis (53) of fluorescence recovery data yielded both the diffusion coefficient and the fraction of labeled band 3 molecules that were free to diffuse on the time scale of the experiment (17). Details of the electronics and optics used in our FPR apparatus have been published (19) . All measurements were performed at 37°C.
Rotational mobility measurements. Polarized fluorescence depletion (PFD) (54) (Fig. 2 A) . Control diffusion coefficients were 0.7-2.4 x 10-11 cm2 s-', and the maximum observed diffusion coefficient was an order of magnitude greater. The extrapolated diffusion coefficient at 0% spectrin was 110 x 10-I cm2 s-', which is of the same magnitude as the band 3 "rapid diffusion limit" previously observed in RBC ghosts (23, 24, 51 (Fig. 2 C) . These data suggest that molecular interactions responsible for lateral immobilization of band 3, such as high-affinity binding of a fraction of band 3 to ankyrin (57), remain intact in HS RBCs.
We measured by PFD the rotational mobility of band 3 in intact RBCs from four of the patients with severe HS and two controls with normal RBC morphology. Control RBCs had 3 populations of band 3 molecules, including 25% rapidly rotating molecules (-r, -100 bs), 60% slowly rotating molecules (r2, -1.5 ms), and -15% rotationally immobile molecules. Spectrin-deficient HS RBCs had populations and correlation times of rapidly rotating, slowly rotating, and rotationally immobile band 3 molecules that were not significantly different from those in control RBCs (Fig. 3 ; Table I ). These data indicate that specific binding interactions between band 3 and spectrin do not exist. If such interactions were present, a reduction in spectrin content would be expected to result in an increase in band 3 rotational mobility.
We also measured by FPR the lateral mobility of band 3 in intact RBCs from five patients with HPP and four carriers of HPP (48) . HPP RBCs manifested moderate reductions in membrane spectrin content (spectrin/band 3 ratios, 68-80% of control values). In addition, because the molecular defect in these HPP RBCs involved mutations in the spectrin a-l domain, the phenotype included weakened spectrin dimer-dimer association (48, (58) (59) (60) . These RBCs exhibited band 3 lateral diffusion coefficients similar to those of HS and HS carrier RBCs with the same degree of spectrin deficiency. When the logarithm of the band 3 diffusion coefficient was plotted against spectrin content for HPP and HPP carrier cells, an inverse linear relationship was obtained with slope and rapid diffusion limit similar to those found for HS RBCs (Fig. 2 B) (6, 63) , while only direct binding interactions and protein oligomerization appear to be important in controlling rotational mobility (64). Since the rotational mobility of band 3 in spectrin-deficient HS RBCs is identical to that in control RBCs, the average oligomerization state of band 3 cannot be a function of RBC spectrin content, and significant binding interactions between band 3 and spectrin cannot exist. Because spectrin-band 3 interactions are critical in regulating the lateral but not the rotational diffusion of band 3 in intact RBCs, our data favor the steric hindrance (fence) model of lateral mobility regulation (65) over the direct binding model (reviewed in reference 51). This conclusion is supported indirectly by experiments on band 3 mobility in RBC ghost membranes (22, 25, 26, 35, 66) .
The molecular interactions that control band 3 rotational diffusion appear to involve both band 3 self-association (aggregation) in the plane of the RBC membrane (36, 41) and specific binding interactions between the cytoplasmic domain of band 3 and membrane skeletal proteins (4, 5, 37, 67) These data suggest that control of band 3 lateral mobility depends on the absolute number of spectrin molecules in the membrane skeleton and not on the state of spectrin oligomerization. Thus, the spectrin dimer-dimer interaction is unlikely to be important for the regulation of band 3 lateral diffusion. Steric hindrance interactions between spectrin and band 3 must therefore be mediated not by alterations in the spectrin oligomerization state but rather by other dynamic changes in spectrin structure, such as thermodynamic fluctuations of spectrin dimers toward (closed fence) or away from (open fence) the inner leaflet of the RBC membrane.
In conclusion, these data suggest that band 3 lateral mobility and rotational mobility are controlled by different molecular interactions. The spectrin-based membrane skeleton appears to be critical in regulating the lateral (22, 66) but not the rotational (25, 26, 35) 
